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Ternary Zr49Cu44Al7 metallic glass matrix composite rods with CuZr nano-phase, exhibiting an elastic strain of 1.6% and a high 
strength of 1.78 GPa, have been manufactured. The structural evaluation of the ternary metallic glass matrix composite under high 
pressure has been investigated using angle dispersive X-ray diffraction with a synchrotron radiation source. The investigation 
shows that the amorphous matrix structure is stable under pressures up to 40.8 GPa at room temperature. No pressure induced 
CuZr nano-phase disappearing or growing was detected. According to the Bridgeman equation of state, the bulk modulus B0 
=115.2 GPa has been obtained. 
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Compared with the with other bulk metallic glasses (BMGs) 
[1–4], Zr-Cu-Al ternary alloys have better combinations of 
high strength, good ductility and low production costs 
[5–7]. It has recently been discovered that the mechanical 
properties of Zr-Cu-Al ternary BMG are sensitive to their 
microstructures [8]. For instance, Fan et al. [9], Yan et al. 
[10] and Hui et al. [11] have investigated the compressive 
fracture characteristics, crystallization behavior and atomic 
structures of Zr-based bulk metallic glasses and Li et al. 
[12] have explored the microstructure of CuZrTi bulk me-
tallic glass. It has been revealed that ternary Zr47.5Cu47.5Al5 
monolithic BMG exhibits a large plastic strain (16%), as 
well as “work hardening” behavior, upon compression 
[13,14]. Furthermore, nano-structure composites in Zr-based 
BMG [15] have been designed to improve the toughness 
and tensile ductility in bulk metallic glass at room tempera-
ture. Mechanically (pressure) induced crystallization has 
been observed in many BMG systems [16–18] and the effects 
of crystallization fractions on the mechanical properties of  
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Zr-based metallic glass matrix composites have been stud-
ied by Qiu et al. [19]. Because thermodynamic variables, 
such as temperature and pressure, can have a significant 
effect on the chemical and physical properties of matter, it 
is important to investigate the structure of solid matter un-
der high pressure [20]. Ma et al. [21] and Han et al. [22] 
have researched the effects of additives on diamond single 
crystals synthesized under HPHT and Zang et al. [23] and 
Zhou et al. [24] have studied the growth mechanism of the 
diamond-to-graphite transformation under diamond-stable 
and HPHT conditions. In previous work, we have reported 
the compression behavior of a ternary BMG [25]; however, 
little is known about metallic glass matrix composites under 
high pressure. In this paper, we have investigated the com-
pression behavior of Zr49Cu44Al7 metallic glass matrix 
composite. We have manufactured bulk Zr49Cu44Al7 metal-
lic glass matrix composite rods, 8 mm in diameter, using 
copper mold casting techniques and have unraveled the 
compression behavior of this new alloy under high pressure 
at room temperature using angle dispersive X-ray diffrac-
tion with a synchrotron radiation source. Finally, we have 
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obtained the equation of state of this system. 
1  Experimental 
We have prepared the master alloy using an arc-melting 
technique under a Ti-gettered argon atmosphere with high- 
purity elements (99.8% Zr, 99.99% Al and 99.99% Cu). To 
ensure even distribution of the alloying elements, the master 
alloy was melted several times in succession and then cast 
into amorphous rods, up to 8 mm in diameter, by the suction 
casting method. We have ascertained the nature of the 
structure of bulk Zr49Cu44Al7 metallic glass matrix compos-
ites using X-ray diffractometry (Rigaku, CN2301) with a 
monochromatic CuKα radiation source. We have studied 
the thermal stability of the alloy, specifically the glass tran-
sition temperature and the crystallization behavior, with a 
Nestzsch STA449C differential scanning calorimeter (DSC) 
in a calibrated high-temperature calorimeter under pure Ar 
gas flowing at different heating rates. 
We have conducted compressive testing of the as-cast 
cylindrical rods at room temperature using a Gleeble 1500 
hot simulator at a constant strain rate of 10−1 s−1 with no 
holding time. The fracture morphology has been investi-
gated using an Oxford scanning electron microscope oper-
ating at 20 kV. 
For the pressure experiments, we have carefully scraped 
powder from bulk Zr49Cu44Al7 metallic glass matrix com-
posite rods using 4Cr13 stainless steel scalpels. The pres-
sure was generated using a diamond anvil cell (DAC), 
where the culet of the diamond anvil has a diameter of 400 
μm. We then loaded the amorphous powder sample, to-
gether with the pressure-calibrator ruby, into a 120 μm- 
diameter hole of a T301 stainless steel gasket, which was 
prepared with a thickness of about 40 μm. Silicone oil was 
used as the pressure-transmitting media. The in-situ angle 
dispersive X-ray diffraction (ADXRD) measurements were 
carried out in Beijing Synchrotron Radiation Laboratory 
(BSRL). The Debye rings were recorded using an image 
plate in transmission mode and the XRD patterns were inte-
grated from the images using FIT2d software [26]. The 
X-ray beam diameter was 45 μm ×26 μm. A Li detector was 
used to collect the diffraction signal under various pres-
sures. We have determined the experimental pressure from 
the position of the diffraction peak of ruby.  
2  Results and discussion 
Shown in Figure 1 are the X-ray diffraction pattern, the 
DSC curve for different scanning rates and the optical mi-
crograph for an 8 mm diameter specimen. Each broad peak 
near 38º is superimposed with a small crystalline peak, 
which has been identified as predominantly the CuZr phase, 
as shown in Figure 1(a). The inset of Figure 1(a) shows the  
 
Figure 1  (a) An XRD pattern for the as-cast Zr49Cu44Al7 metallic glass 
matrix composite. The inset shows the optical micrograph of the central 
areas of Zr49Cu44Al7 metallic glass matrix composite rod. (b) DSC curves 
for the as-cast metallic glass matrix composite taken at different heating 
rates. 
optical micrograph of the central areas of a Zr49Cu44Al7 me-
tallic glass matrix composite rod. We have observed dense, 
dot-shaped crystalline phases, which are consistent with 
XRD results (see Figure 1(a)). According to the DSC curve 
shown in Figure 1(b), as the heating rate increases, the exo-
thermic peak positions of the DSC traces shift obviously 
towards higher temperatures. For a heating rate of 20 
K/min, for example, the glass transformation temperature 
(Tg) is 720 K and the on-set (Tx) and peak temperatures of 
crystallization (Tp) are 779 and 781 K, respectively.  
A typical example of the stress-strain curves that we have 
obtained is shown in Figure 2, where the strain rate is 10−1 s−1. 
As shown in Figure 2, Zr49Cu44Al7 metallic glass matrix 
composite rods exhibited a high failure stress of 1.78 GPa at 
room temperature. After reaching the maximum stress, the 
stress dropped to zero value immediately, which is typical 
of “brittle” failure. The failed surface exhibited a “vein- 
like” pattern on the recovered specimens. The inset of Fig-
ure 2 shows the macroscopic appearance of the Zr49Cu44Al7 
metallic glass matrix composite specimen after testing at 
room temperatures. Consistent with ZrTiCuNiBe BMG 
[27], catastrophic failure of the bulk amorphous specimen 
resulted in a flat macroscopic fracture that occurred along a 
plane, oriented 45° to the loading axis, at room temperature. 
At room temperature, Zr49Cu44Al7 metallic glass matrix 
composite behaves like a typical brittle solid material. The 
fracture occurred along the maximum shear plane, which is 
declined by 45° from the direction of the applied load. At the 
fracture surface, we have observed a crack with a serrated  
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Figure 2  Stress-strain curve for the as-cast Zr49Cu44Al7 metallic glass 
matrix composite. Inset (a) shows the macroscopic fracture pattern at room 
temperature. Inset (b) shows the vein pattern on the fracture surface. 
edge on the ridge of the veins. 
To further understand the mechanical behavior, we have 
carried out high pressure experiments at BSRL. Figure 3 
shows the synchrotron radiation X-ray diffraction spectrum 
under different pressures in the Zr49Cu44Al7 alloy. As the 
pressure increases, the broad diffusive amorphous hole 
(marked with a dotted line) and the superimposed small 
crystalline peak (marked with an arrow) shift obviously to 
higher angles, which illustrates the compression behavior of 
the alloy. We have detected no new diffraction peaks from 
the curves between 0 and 40.8 GPa, which implies that the 
structure is quite stable at room temperature. To gain a 
fuller understanding of the Zr49Cu44Al7 composite behavior 
at high pressures, we have obtained the equation of state 
(EOS). Bridgeman has presented the EOS as follows [28]:  
−ΔV/V0 = a0 + aP + bP2 + cP3+······      (1) 
where V0 is the volume at zero pressure, and the coefficients 
a0, a, b and c can be determined using the least squares 
method. The relative volume change ΔV/V0 can be derived 
directly from the relative density change. Because the syn-
chrotron radiation X-ray diffraction peak positions reflect 
changes in atomic density [29], it is instructive to convert 
the spectrum in Figure 3 into a plot of relative volume 
changes versus pressure, which is shown in Figure 4, where 
the density has been determined using the position of the 
first peak [30,31]. We have estimated the relative volume 
change ΔV/V0 (ΔV=VP−V0) at a given pressure (VP) to that at 
zero pressure (V0). Finally, we have fit the experimental 
ΔV/V0-P data to the Bridgeman EOS, which can be ex-
pressed as 
−ΔV/V0 = 4.96×10−4+0.00868P 
−0.000246P2+0.00000342P3.         (2) 
From this equation, we have obtained the bulk modulus B0 
according to the relationship, B0=1/a. The bulk modulus B0 
is found to be 115.2 GPa. Because a higher bulk modulus  
 
Figure 3  Angle-dispersion X-ray diffraction patterns of Zr49Cu44Al7 
metallic glass matrix composite at various pressures. The amorphous hole 
is marked with a dotted line and the small crystalline peak is marked with 
an arrow. 
 
Figure 4  Pressure dependence of relative volumetric changes in 
Zr49Cu44Al7 metallic glass matrix composite at room temperature. 
indicates a harder material, it is understandable that the 
compressibility is lower (~15%) in this system.  
3  Conclusions 
A new ternary Zr49Cu44Al7 metallic glass matrix composite 
with a diameter of 8 mm has been manufactured by copper 
mold casting. We have determined the glass transition tem-
perature and the crystallization peak temperature to be 720 
K and 781 K, respectively. This metallic glass matrix com-
posite exhibited poor plastic deformation, yet it proved to 
have a high strength of about 1.78 GPa. The compression 
behavior at room temperature, using in-situ high pressure 
angle dispersive X-ray diffraction with a synchrotron radia-
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tion source, indicates that both its glassy matrix structure 
and CuZr nano-phase are stable within a pressure range of 
zero to 40.8 GPa. Finally, the equation of state has been 
determined to be 
−ΔV/V0 = 4.96×10−4+0.00868P−0.000246P2+0.00000342P3. 
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